The stability of neutral-type genetic regulatory networks with leakage delays is considered. Firstly, we describe the model of genetic regulatory network with neutral delays and leakage delays. Then some sufficient conditions are derived to ensure the asymptotic stability of the genetic regulatory network by the Lyapunov functional method. Further, the effect of leakage delay on stability is discussed. Finally, a numerical example is given to show the effectiveness of the results.
Introduction
Biology networks are important research tools of complex biological phenomena, which have been attracting attention of scientists and engineers [1] [2] [3] [4] . There are many kinds of biological networks, such as metabolic network, signal network, genetic regulatory network (GRN), and protein interaction network. GRN, which describes the complex interactions between genes (mRNA) and its products (proteins), is often modelled by a kind of dynamical system. The study of GRNs can help scientists understand many important and complex phenomena of living cells. Up to now, several models of GRNs have been established, for example, Boolean network models [5] , Bayesian network models [6] , Petri network models [7, 8] , and the differential equation models. It is more convenient to analyze the dynamical behaviors by using differential equation models and have been widely studied by many experts [9] [10] [11] [12] .
As we all know, stability is one of the most important issues of longtime quality behavior of dynamical systems. Some important biological secrets have been revealed and many significant results have been reported [13] [14] [15] . On the other hand, time delay is a common phenomenon that describes the dynamical behaviors. The existence of time delay can make the dynamical behaviors more complicated and may cause destabilization, oscillation, bifurcation, and chaos. So time delay should be taken into consideration when modelling the genetic networks. There are many types of time delays such as discrete delays [16] , continuous delays [17, 18] , random delays [19] , and mixed delays [20] . In recent years, the neutral delay has attracted attention because it can embody some important information about the derivation of the past state [21, 22] . In [23, 24] , the authors considered asymptotic stability of BAM neural networks of neutral type. Lakshmanan and Balasubramaniam [25] obtained some new results of robust stability analysis for neutral-type neural networks with time-varying delays and Markovian jumping parameters. However, the stability analysis for genetic regulatory networks with neutral delay has been rarely investigated. In [26] , Jung et al. discussed the stability for genetic regulatory network with neutral delay. Further, Jiao et al. [27] investigated the asymptotic stability of genetic regulatory network with neutral delay, which extended and improved the main results of Jung et al. [26] . On the other hand, leakage delay is another type of delay, which exists in the negative feedback term of system [28, 29] . So far, few studies have been paid to the stability analysis for GRNs with leakage delay. In [30] , the authors discussed the global asymptotic stability for genetic regulatory networks with leakage delay. In [31] , stability was investigated for a class of uncertain impulsive stochastic genetic regulatory networks with timevarying leakage delay. As far as we know, there is no result on the stability of genetic regulatory networks with neutral delays and leakage delays. Motivated by the discussion above, in this paper, we consider the stability of genetic regulatory networks of neutral type with leakage delay.
The paper is organized as follows. In Section 2, the problem is formulated and some preliminaries and assumption are given. In Section 3, the asymptotic stability of neutraltype genetic regulatory networks with leakage delay is investigated. In Section 4, an illustrative example is given to show the effectiveness of the theoretical results. Some conclusions are proposed in Section 5.
Notations. Throughout this paper, and × denote the -dimensional Euclidean space and the set of all × real matrices, respectively. denotes the transposition of matrix . Diag (⋅) denotes the diagonal matrix. Asterisk ( * ) represents the symmetric block of the symmetric matrix.
Preliminaries
GRNs with mRNA and proteins can be modelled by the following differential equations:
where ( ) and ( ) denote the concentrations of mRNA and protein of the th node at time , respectively. and are the degradation rates of the mRNA and protein, respectively.
is the translation rate, ( ) is the feedback regulation delays, and ( ) is the translation delays satisfying 0 ≤ ( ) ≤ , 0 ≤ 1 ( ) ≤ 1 , where and are constants. Consider
, where is the Hill coefficient.
is a positive constant which denotes the feedback regulation of the protein on the transcription. The coupling matrix = ( ) × ∈ × of the GRNs is defined as follows:
if there is no link from to , − , if transcription factor is a repressor of gene .
Let ( * , * ) be an equilibrium point of (1). The equilibrium point can be shifted to the origin by transformation: (1) can be changed into the following compact matrix form:
, and ( ( )) = ( ( ) + * ) − ( * ) with (0) = 0.
In this paper, we will consider the GRNs with neutral delays and leakage delays:
where 1 > 0 and 2 > 0 denote the leakage delays. 2 ( ) is the neutral delay and satisfies 0 ≤ 2 ( ) ≤ 2 ,̇2( ) ≤ * . The system (4) has the following equivalent form:
The initial conditions are given as follows:
where = max{ 1 , } and = max{ 2 , 1 , 2 }. In this paper, we introduce the following assumption and lemmas.
Assumption 1. There exist constants
− , + such that the regulatory function (⋅) satisfies
for all , ∈ R, ̸ = and = 1, 2, . . . , .
Remark 2. In the above assumption,
− , + are some real constants, which may be positive, zero, or negative. Compared with the existing results in [32] , this is less conservative and less restrictive.
The following lemmas will be used to derive our main results.
Lemma 3 (see [33] 
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where
Main Results
In this section, the asymptotic stability of system (5) is investigated. Some sufficient conditions are obtained to ensure the stability of system (5) 
where 
Proof. Consider the following Lyapunov-Krasovskii functional:
Calculating the derivative of ( ) along with the solution of the system (5), we havė
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In addition, note that
From (9) to (21), we havė
6 Abstract and Applied Analysis where ∏ is defined in (11) and
which implieṡ( ) ≤ 0. It is easy to provė( ) ≤
, where min (∏) < 0. According to the Lyapunov stability theory, the GRNs (5) are asymptotically stable. The proof is complete.
Remark 6.
If the leakage delay 1 = 2 = 0, the model is the same as that in [27] . We can also deduce the sufficient conditions for guaranteeing system stability. So the model in [27] is a special case of the model in this paper. In fact, the leakage delay has a large effect on the dynamic behaviors of the model. It often leads to the instability. This phenomenon can be observed in Figure 1 . Considering the impact of leakage delay, we analyze GRNs with neutral delays and leakage delays simultaneously.
Simulation Results
In this section, an example is given to demonstrate the feasibility and efficiency of the theoretical results above. The simulation is conducted on MATLAB, and the ordinary differential equation is solved by Runge-Kutta method.
Example 7.
Consider the following neutral-type genetic regulatory networks with leakage delays: 
Then we have
Time-varying delays and the leakage delays are chosen as 
Abstract and Applied Analysis This means that all conditions in Theorem 5 are satisfied. Hence, the GRN model (24) is asymptotically stable. On the other hand, we have the following simulation results shown in Figure 2 , which also show the correctness of the theoretic analysis.
Remark 8. In order to reflect the effect of the leakage delays on the stability of GRNs, we have given the simulation results by using different leakage delays. Table 1 shows the conclusions when the leakage delays are changed. When leakage delays specially 1 = 2 = 0.23, the conditions in Theorem 5 are not satisfied. However, the system is still stable. Thus, there still exist rooms for improving the sufficient conditions in Theorem 5.
Conclusion
In this paper, we have investigated the stability of neuraltype GRNs with leakage delays. Based on Lyapunov stability theory and linear matrix inequalities, some sufficient conditions have been obtained to guarantee stability for GRNs. It is noted that the leakage delay and neutral delay are considered together in the paper, which extended and improved the previous results in [27, 30] . Finally, a numerical simulation has been given to show the effectiveness of our theoretic results.
